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SMALL, HIGH-PRESSURE-RATIO COMPRESSOR 
MECHANICAL ACCEPTANCE TEST 

SUMMARY 


The Small, High-Pressure-Ratio Compressor Program was directed 
toward the analysis, design, fabrication and mechanical tests of a com- 
pressor for a pressure ratio of 6:1 and an airflow rate of 2.0 pounds 
per second under Contract NAS-3-14306. 

The final report is in two volumes. The first volume (NASA CR- 
120941) covers the analysis, selection and design of the compressor and 
research package. The second volume (NASA CR-121193) covers the fabri- 
cation and mechanical testing of research package. 

This volume presents a detailed description of the compressor rig 
test setup, and the various builds required to successfully demonstrate 
mechanical integrity of the design and the overspeed capability of the 
research package. Other mechanical tests consist of demonstrating ade- 
quate rotor dynamics, electrical isolation at the gas bearing trunnion- 
mounted diffuser and shroud, and the effect of operating parameter on 
impeller clearance of the compressor research package. This work was 
performed by AiResearch Manufacturing Company of Arizona, a Division 
of The Garrett Corporation, Phoenix, Arizona. 

The compressor research package was mechanically checked out over 
a speed range of 20 to 120 percent of rated speed (80,000 rpm) . 

Instrumentation that was not a part of the original contract was 
installed to measure shroud- to-impeller tip clearance. These clearance 
measurements were aimed at determining the effects of rotor speed and 
pressure ratio on impeller-to-shroud clearance. This was done so that 
the final acceptance test could be run at radial and axial operating 
clearances from 0.009 to 0.011 inch. 

Photographs of the compressor rig test setup are presented in 
figures 11a and lib and three final assembly drawings of the test rig 
are included in Appendix III. 

The mechanical checkout of the test rig, witnessed by NASA Project 
Manager, Mr. Robert Y. Wong, included the following mechanical tests: 

1. An impeller overspeed test in a spin pit to 140 percent of 
design speed, to establish the mechanical overspeed safety 
margin of the rotor. 

2. A turbo-compressor package acceptance test that included: 


(a) A five (5) hour run at 100-percent design speed 
(80,000 rpm) to demonstrate the integrity of the 
package. This was accomplished with the NASA 
supplied turbine. 

(b) A five (5) minute run at 120-percent design speed 
to demonstrate the short time overspeed capability 
of the turbo-compressor package. 

3. The measurement of the variation in impeller to shroud clear- 
ance as affected by rotor speed and compressor pressure ratio 
was made so that proper setup clearance could be selected to 
give design clearance at design speed. 

A third critical speed rotor dynamics problem was experienced at 
the upper end of the operating speed range of compressor rig Builds 1 
and 2. A rotor dynamics test was therefore conducted using a "dummy" 
compressor having the same mass as the real rotor to determine a fix. 

As a result, the rig design was altered by modifying the bearing 
clearances to provide the hydraulic damping necessary to raise the 
discovered shaft bending mode out of the compressor operating speed 
range. 

Carbon-face primary seals were checked regularly before each build 
with regard to achieving close runout and flatness tolerances. This 
action precluded any primary seal problems arising from the high rotor 
speed range of interest. However, frequent problems were encountered 
with the teflon secondary seals during testing. It was discovered 
that teflon seals were not flexible enough to perform the intended 
function while under the shaft and seal excursions experienced at high 
rotor speed. Seal leakage would occur whenever the compressor or tur- 
bine scavenge pressure was permitted to rise above -5 inch mercury gage 
(-2.47 psig) . Finally, silicone O-ring seals were tried, replacing 
the teflon seals, and proved successful in this application. 

A requirement of this contract was to provide a method to accura- 
tely measure compressor torque, and therefore compressor power absorp- 
tion. Considerable effort was expended toward achieving a trunnion 
mounted dif fuser-shroud-bellmouth assembly on hydrostatic gas bearings. 
This unique application of gas bearing technology provides a method of 
measuring aerodynamic reaction torque on the assembly, and therefore 
compressor impeller input torque. Problems experienced using this 
suspended assembly approach to accurately measure compressor torque 
were mainly torque measurement hysteresis and random assembly contact 
arising from eccentric loading or tilt of assembly. 

The compressor research package successfully fulfilled the mech- 
anical acceptance tests and was delivered to the NASA-Lewis Research 
Center on November 3, 1972. 
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1, INTRODUCTION 


The Small, High-Pressure-Ratio Compressor Program was directed 
toward the analysis, design, fabrication and mechanical tests of a com- 
pressor for a pressure ratio of 6:1 and an airflow rate of 2.0 pounds 
per second under Contract NAS-3-14306. 

This volume discusses the problems and modifications made to the 
mechanical hardware and compressor test rig assembly in order to per- 
form the mechanical acceptance test. In the original contract of June 
5, 1970, operation at design clearance for the acceptance test was not 
originally specified. A subsequent contract amendment was received on 
November 4, 1971, for determining the variation in impeller-to-shroud 
as a function at operating parameter (speed and pressure ratio) so that 
the acceptance test could be conducted at design clearance (0.009 to 
0.011 inch). Instrumentation was installed in the impeller shroud to 
accomplish this objective. 

The contracted requirements were performed through a series of 
six complete build assemblies, designated Builds 1 through 6, and 
several rig modifications requiring partial disassembly of these 
builds which were designated by alphabetical suffixes. The purpose 
of each of these builds is itemized below. 


Build 

Number 

1 

1A 

2 

2A 

2B 

3 

4 


4A 


Purpose 

Trial assembly to determine fits and check stacking of 
parts . 

Completely instrumented assembly for first mechanical test 
using increased compressor axial clearances. 

Second mechanical test with improved rotor runout for 
reducing high speed vibration. 

Build modification to improve hydraulic mount damping by 
oil supply orifice change. 

Dummy mass test to determine rotor critical speeds after 
inducer blade failure on Build 2A. 

Capacitance probe clearance test and 5-minute overspeed 
test at 120-percent design speed using reworked inducer 
configuration. 

Build to accomplish electrical isolation of the floating 
diffuser on the gas bearing and to operate at the design 
compressor clearances. 

Rebuild of Build 4 to correct seals which failed during 
test. 
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Build 

Number 

5 


5A 


6 


Purpose 

Rig assembly without oil seals to determine the feasibility 
of operation without the structural dampening of the front 
journal gas bearing support without experiencing a compres- 
sor wheel rub . 

Rig assembly with oil seals, front journal gas bearing sup- 
port, modified compressor volute housing to achieve elec- 
trical isolation of the gas bearing, and a new inducer with 
radial hand finish work on the blades. 

Build for 5-hour mechanical acceptance test with modified 
oil seal stacking and compressor face clearance. 
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2. DISCUSSION OF RESULTS 


Build 1 


The Inducer, SKP25657-1, Impeller, SKP25658-1, and Turbine Wheel, 
CR849373, were oversped on August 11, 1971. Two positions on each 
wheel were measured before and after overspeed. The following char- 
acteristics were observed from the tests: 


P/N 

Name 

S/N 

Before 

Dimension 

After 

Dimension 

Speed 

SKP25657 

Inducer 

2 

3.6505 

3.6510 

3.6506 

3.6510 

112,000 RPM 

SKP25658 

Impeller 

101 

5.3745 

5.3745 

5.3748 

5.3748 

112,000 RPM 

CR849373 

Turbine 

1 

4.1279 

4.1274 

4.1278 

4.1274 

112,400 RPM 


Perceptable growth was observed on the impeller, SKP25658, only. 
Critical dimensions were taken prior to and after overspeed. Copies 
of the critical cards are shown in figures 1 through 3. 

Several parts required rework prior to the first build. Inspec- 
tion revealed that the diffuser assembly, SKP25710-1, required inside 
diameter remachining to clear the impeller tip diameter; the compres- 
sor shroud, SKP25668-1, had an incorrectly machined contour; the 
inlet bellmouth, SKP25708-1, was too short for accurate calibration 
and required a neck extension; and the inlet housing, SKP25666-1, was 
inadequately machined to achieve the required stacking dimensions. 

All hardware was corrected for the first build by October, 1971. 
Photographs of the impeller and inducer are shown in figures 4 
through 8 . 

The pre-instrumentation build was completed to establish proper 
shimming and clearances. The gas bearing system was pressurized to 
assure that no binding existed. The gas bearings operated freely at 
50 psig air pressure. The pressure was increased to 150 psig and no 
air hammering was evident. Photographs of the rotating group were 
taken and are shown in figures 9 and 10. The test rig was disassembled 
and the required hardware was sent to instrumentation . 
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Figure 5. Back View of Inducer SKP25657-1 . 
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Builds 1A and IB 


The Build 1A test rig was assembled per Table I dimensions on 
11 December 1971 and is shown installed in test cell CA2 with its 
supporting lubrication system as figure 11. The air bearing assem- 
bly exhibited a 15 to 30 in. -lb hysteresis from one direction of 
torque application to the other. Speeds to 72,000 rpm were performed 
and a critical speed problem was identified at the upper end of the 
speed range. Lissajous photos of the Bentley probe readouts are shown 
as figures 12 and 13. 

The rig was removed from the test cell on 16 December 1971 and 
returned to the assembly area. Several of the gas bearing orifices 
were found to be blocked. The parts were disassembled, thoroughly 
cleaned, and reassembled. The test cell air system was cleaned and 
larger capacity air filters (10 microns) were installed. 

After being reinstalled in the test cell on 20 December 1971, 
the rig. Build IB, was accelerated to 16,000 rpm for approximately 
60 minutes while test instrumentation and support equipment was being 
checked out. The proximity probes in the shroud and on the shaft 
indicated that although the runouts were acceptable they were not as 
closely controlled as desired. The rig was then accelerated from 
16,000 to approximately 32,000 rpm. The shaft excursions and shroud 
clearances were definitely unsatisfactory for operation at the higher 
speed shaft excursions of more than 2 mils and inducer-shroud clear- 
ances of less than 0.002 were considered unacceptable. Clearance 
data taken at 16,740 rpm is shown in Table II. 

The rig was shut down and returned to the assembly area. Inspec- 
tion revealed that the runout dimension on the impeller tip diameter 
(P/N SKP25658) increased from 0.001 to 0.0025 inch. A detailed 
inspection of parts showed that all were within tolerances except 
for two: (1) the inner pilot on the impeller (P/N SKP25658) was 

found to be within dimensional tolerance (0.7901 to 0.7885 in.) but 
tapered from the outer point to the inner end, and (2) the shaft 
(P/N SKP25641-1) pilot O.D. was 0.7873 in. (required dimension is 
0.7879 to 0.7876 in.). 

Oil flow of 0.7 gpm during operation using MIL-L-23699 oil at 
150°F inlet temperature was below the expected flow of 1.2 gpm. 

It was concluded that before attempting further testing of the 
rig, the following corrective action should be taken: (1) close the 

tolerances on the impeller shaft pilot, and (2) increase the oil flow 
to assure a sufficient supply to the hydraulic bearing mounts. 
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TABLE I 


BUILD 1A DATA SHEET 
NASA 6:1 COMPRESSOR 


A. Runout 

1. Turbine 


a. O.D. 0.0003 

b. Front Face 0.0003 

c. Knife Edge Seal 0.0002 

2. Compressor 

a. O.D. 0.001 

b. Back Face 0.002 

c. Knife Edge Seal 0.0003 


B. Balance Max Allowed 


Actual 


1. Turbine 0.017 Oz-In. 0.0112 

2. Compressor 0.023 Oz.-In. 0.0208 


Clearances 

B/P 

Actual 

1 . 

Turbine Bearing Housing to Seal 
Retainer 

0.023-0.027 

0-025 

2. 

Compressor Bearing Housing to Seal 
Retainer 

0 . 001-0.003 

0.001 

3. 

Diffuser Knives to Discharge, 
Turbine End 

0.003-0.005 


4. 

Diffuser Knives to Discharge, 
Compressor End 

0.003-0.005 


5. 

Turbine Wheel Clearance 

0.023-0.027 


6. 

Compressor Face Clearance 

0.021-0.023 
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Figure 11a. Compressor Rig Test Setup With 
Supporting Lubrication System. 
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NASA 6:1 COMPRESSOR RIG; BUILD 1A LISSAJOUS TRACES 


COMPRESSOR 

END 


TURBINE 

END 


COMPRESSOR 

END 


TURBINE 

END 



UNIT NOT ROTATING 


UNIT NOT ROTATING 
X = 0.2 MILLISEC/DIV . 
Y = 1.25 MILS/DIV. 



Figure 12 . 
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TABLE II 


BUILD IB CAPACITANCE PROBE CLEARANCE DATA 

Probe Millivolt Shroud to Wheel 

Number Reading Clearance, inches 


1 0 

2 Radial 0 

3 Probes 0 

4 0 

9 0 

10 Axial 0 

11 Probes 0 

12 0 


128 

0.006 

127 

0.0038 

128 

0.0055 

128 

0.004 

031 

0.054 

032 

0.054 

031 

0.051 

031 

0.055 
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The shaft pilots were plated with electroless nickel to close the 
tolerances on the impeller and then ground to a closer tolerance 
(0.7880 to 0.7885 in.). In addition, the shafts (P/N SKP 25641) were 
hard chrome plated over the pilots and reground to a closer tolerance 
(0.7877 to 0.7879 in.). To increase oil flow the test cell oil system 
was modified to allow oil temperature above 200°F and the oil was 
changed to MIL-L-7808. 

A precautionary measure must be observed during assembly and 
disassembly of the shaft, SKP25641-1, and compressor bearing to avoid 
breakage of the alignment pin in the turbine end seal retainer 
SKP25647-1. Tools T-211574 and T-211556 are provided for bearing 
assembly to prevent load application to this pin. 

Builds 2, 2A, and 2B 

On January 7, Build 2 test rig was installed in test cell CA-2 
without the compressor shroud as a precautionary measure for mechanical 
checkout of the bearing system. Build dimensions are shown in Table 
III. The diameter of the impeller bore had been reduced by nickel pla- 
ting and the shaft was hard-chrome plated. The rig was accelerated to 
75,000 rpm but the Bently proximity probes indicated that shaft orbi- 
ting was not properly controlled. Test data taken appears in Table IV. 
Lissajous traces are shown in figure 14. 

The rig was removed from the test cell and disassembled. Exami- 
nation of the parts indicated that there was no damage . To dampen 
shaft orbiting the diameter of the hydraulic-mount supply orifice 
was increased from 0.036 to 0.050 inch to supply a larger quantity 
of oil. In addition, the mechanical pinning of the bearings was 
eliminated to prevent the possibility of binding. 

On January 21, Build 2A rig was installed in the test cell. The 
shaft precessed at speeds above 30,000 rpm. The rig reached the 
design speed of 80,000 rpm but during rolldown a large excursion 
accompanied by erratic movement was observed on the oscilloscope at 
approximately 56,000 rpm. Test data taken appears in Table V. 

Lissajous traces shown in figures 15 through 17 indicate the shaft 
orbit was still not acceptable. 

Examination of the rig revealed that two adjacent blades on the 
SKP25657-1 inducer were missing. An investigation was undertaken to 
determine the cause of inducer failure. The damaged inducer and 
other damaged hardware are shown in figures 18 through 24. 

Robert Wong (NASA) visited AiResearch on January 27 to inspect 
the failed hardware and discuss the progress of the investigation. 
Another meeting was held on March 1 and 2, 1972 with NASA-Lewis per- 
sonnel Warner Stewart, Hal Rohlik, and Bob Wong to discuss the inducer 
blade failure. The failure analysis is presented in Appendix I. 
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TABLE III 


BUILD 2 DATA SHEET 
NASA 6:1 COMPRESSOR 


A. Runout 

1. Turbine 

a. O.D. 0.0003 

b. Front Face N/A 

c. Knife Edge Seal 0.0002 

2 . Compressor 

a. O.D. 0.001 

b. Back Face 0.0012 

c. Knife Edge Seal 0.0005 

B. Balance Max Allowed 

1. Turbine 0.017 Oz-In. 

2. Compressor 0.023 Oz.-In. 

C. Clearances 


Actual 

0.0026 

0.0128 


B/P 


1 . 

Turbine Bearing Housing to Seal 
Retainer 

0.023-0.027 

2. 

Compressor Bearing Housing to Seal 
Retainer 

0.001-0.003 

3. 

Diffuser Knives to Discharge, 
Turbine End 

0.003-0.005 

4. 

Diffuser Knives to Discharge, 
Compressor End 

0.003-0.005 

5. 

Turbine Wheel Clearance 

0.023-0.027 

6. 

Compressor Face Clearance 

0.021-0.023 


Actual 
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NASA 6:1 COMPRESSOR RIG 
BUILD 2 LISSAJOUS TRACE 


COMPRESSOR 

END 


TURBINE 

END 



16,800 RPM 

LISSAJOUS SCALES: 1.25 MILS/DIV. 

0.25 VOLTS/DIV 

TEST DATE: 7 JANUARY 1972 


Figure 14. 
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NASA 6:1 COMPRESSOR RIG 
BUILD 2A LISSAJOUS TRACES 


COMPRESSOR 

END 


TURBINE 

END 



16,900 RPM 


32,000 RPM 



APPROXIMATE SCALE: 1.0 MILS/DIV. 

0.2 VOLTS/DIV 

TEST DATE: 21 JANUARY 1972 



40,000 RPM 


Figure 15. 


29 


MP- 37 10 1 




NASA 6:1 COMPRESSOR RIG 
BUILD 2A SHAFT EXCURSION TRACES 

x AXIS = TIME, y AXIS = AMPLITUDE 


COMPRESSOR 

END 


TURBINE 

END 


39,860 RPM 
x = 0.01 SEC/DIV. 
y = 0.001 INCH/DIV. 



COMPRESSOR 

END 


TURBINE 

END 
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40,000 RPM Figure 16 
x = 0.001 SEC/DIV. 
y = 0.001 INCH/DIV. 





39,860 RPM 
x = 0.1 SEC/DIV. 
y = 0.001 INCH/DIV. 



40,000 RPM 
x = 0.001 SEC/DIV. 
y = 0.001 INCH/DIV. 


MP-37102 


TEST DATE: 21 JANUARY 1972 







NASA 6:1 COMPRESSOR RIG 
BUILD 2A LISSAJOUS TRACES 


COMPRESSOR 

END 


TURBINE 

END 




50,600 RPM 


63,800 RPM 



Figure 17. 

77,500 RPM 
SCALES: 1 MIL/DIV. 

0.2 VOLTS/DIV 

TEST DATE: 21 JANUARY 1972 


MP-37103 










Figure 19. NASA 6:1 Compressor Test Rig 
SKP25657-1 Inducer Failure. 
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MP- 32430 



Figure 20. 


NASA 6:1 Compressor Test Rig , Inducer 
Failure, NASA Turbine Wheel Rub. 


MP- 32431 
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NASA 6:1 Compressor Test Rig, Inducer 
Failure, NASA Turbine Exhaust Duct 
Abradable Coating Wear. 
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NASA 6:1 Compressor Test Rig, Inducer 
Failure, Turbine Shaft Seal Rub 
SKP25641-1 . 


MP- 32429 



Figure 24. NASA 6:1 Compressor Test Rig, Inducer 

Failure, Bearing p/n 976693-1 , Evidence 
of Outer Race Rotation. 
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In order to investigate the mechanical problems without further 
risk to the compressor blading a dummy mass was fabricated to replace 
the impeller and inducer. The mechanical properties of the hardware 
were presented in Table I of Appendix I. The test rig was assembled 
with the dummy mass and modified hardware. Modification consisted of 
removing 0.050 in. from the main shaft OD between bearing span, P/N 
SKP25641-1, removing 0.050 in. from the ID of bearing spacer P/N 
SKP25642-1, increasing the hydraulic mount clearance on the ID of the 
bearing sleeves from 0.003 to 0.005 in., and repinning the bearings to 
prevent rotation. 

A NASA representative, Mr. Charles Pennington, witnessed Build 2B 
of the test rig. On March 27, 1972 the test rig successfully achieved 
a speed of 96,000 rpm. The maximum total shaft excursion noted during 
running was 0.0013-in. At 96,000 rpm this runout reduced to 0.001 in. 
total excursion. 

As described in Appendix I, hand finish marks were implicated in 
the inducer blade failure. Electropolishing the inducer to remove sur 
face hand finish marks was undertaken to allow testing to proceed with 
an impeller-inducer configuration prior to receipt of the new inducers 
This would determine whether the rig was mechanically sound in the 
design configuration. After polishing and inspection, concurrence to 
proceed was obtained from the AiResearch Engineering Mechanics Group 
and the NASA-Lewis Project Manager. 

Replacement inducers, SKP25657-1, were ordered because electro- 
polishing to remove hand finish marks would alter blade profiles 
sufficiently to make them unacceptable. 

Build No. 3 


The test rig was assembled on May 3, 1972 to run the impeller to 
shroud clearance variation test and the 5-minute run at 120-percent 
design speed. The test was successfully completed on May 11. 

Table VI shows the calibration data for the eight capacitance 
probes. Tables VII and VIII are the test data log sheets used during 
engine testing. The clearance probe test data from Table VIII and the 
calibration data from Table VI were used to plot the clearance versus 
speed curve shown in figure 25. 

The gas bearing failed to operate freely at approximately 30,000 
rpm. Examination revealed that the inlet air bearing strut, 
SKP25667-1, had contacted the inlet housing assembly, SKP25666-1. 

The test rig successfully operated at 96,000 rpm (120 percent 
speed) for 5 minutes. Lissajous traces from the Bentley probes are 
shown as figures 26 and 27. 
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NASA 6:1 COMPRESSOR RIG 
BUILD 3 LISSAJOUS TRACES 



16,300 RPM 


COMPRESSOR 

END 


TURBINE 

END 



Figure 26. 
48,400 RPM 


32,090 RPM 



64,400 RPM 

LISSAJOUS SCALES: 1.0 MILS/DI 

.2 VOLTS/DI 

TEST DATE: 11 MAY 1972 


MP-37107 






NASA 6:1 COMPRESSOR RIG 
BUILD 3 LISSAJOUS TRACES 


COMPRESSOR 

END 





80,450 RPM 


88,600 RPM 


5-MINUTE OVERSPEED TEST 


COMPRESSOR 

END 


TURBINE 

END 



Figure 27. 

96,000 RPM 
START OF TEST 



96,000 RPM 
END OF TEST 45 

LISSAJOUS SCALES: 1.0 MILS/DIV 

0.2 VOLTS/DIV 
TEST DATE: 11 MAY 1972 


MP- 37 108 






Disassembly of the test rig revealed that the front side of the 
turbine wheel had rubbed the nozzle housing. Figures 28 through 
42 show test rig parts. The inducer and impeller were zygloed and 
the turbine wheel was magnafluxed. No indications of distress were 
observed. All other hardware appeared in excellent condition except 
the strain gage had a stray ground. The part was sent to instrumen- 
tation and repaired. 

Stress review of the gas bearing area resulted in redesign of 
the inlet air bearing housing, SKP25667-1. The clearance and the 
supply orifices were increased in size resulting in a revised esti- 
mated airflow of 0.10 lb/sec. 

Build 4 and 4A 


Build 4 of the test rig was assembled to the dimensions shown in 
Table IX, installed in the test cell, and operated on June 27, 1972, 
to check the instrumentation and gas bearings. At 32,000 rpm, oil 
began spraying from the rig. Examination of the rig indicated that 
the seal on the compressor side had failed. Also, the gas bearing 
was not electrically isolated from the remainder of the rig as indi- 
cated by instrumentation prior to the run. The rig was removed from 
the test cell and was returned to development assembly for repair. 

The compressor-side carbon seal was replaced. Test data taken is 
presented in Table X. Lissajous traces from the Bentley probes 
are shown in figure 43. 

On June 30, 1972, the rig was again installed and operated in 
the test cell. The test was terminated because of excessive oil 
leakage and instrumentation showed gas bearing continuity. 

Disassembly of the rig revealed that the turbine-side secondary 
Teflon ring seal had broken into two pieces. The cause was attri- 
buted to excessively high pressure applied behind the turbine wheel 
extruding the Teflon ring past its locking device. To prevent recur- 
rance of this failure, a retaining ring was fabricated to provide a 
larger face contact area for the Teflon seal. 

The compressor discharge knife-edge seal on the turbine side 
measured 0.0045 in. out of flat which allowed the measured clearance 
to close down to 0.001 in. The decrease in clearance was likely the 
cause of the inability to electrically isolate the gas bearing after 
assembly. The seal was reworked to bring the flatness to within the 
required 0.001 in. maximum. 

The SKP25657-1 inducers were received from the vendor prior to 
final finishing. The inducers were reviewed by AiResearch, were found 
to be acceptable, and were returned to the vendor for final finishing. 
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Shroud As sembly , NASA 6:1 Compressor 
Test Rig , 12 0-Percent Speed Test. 


MP-34166 








Figure 32. Retainer SKP25643-1 ,NASA 6:1 Compressor 
Test Rig , 120-Percent Speed Test. 
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MP-34169 














Figure 39. 


NASA Turbine Wheel, NASA 6:1 Compressor 
Test Rig , 12 0-Percent Speed Test. 


58 


MP- 341 76 





NASA Nozzle Assembly , NASA 6:1 Compressor 
Test Rig , 120-Percent Speed Test. 




Figure 41. NASA Turbine Wheel, NASA 6:1 Compressor 
Test Rig , 120-Percent Speed Test. 
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MP-34178 





Figure 42. NASA Turbine Wheel, NASA 6:1 Compressor 
Test Rig, 12 0-Percent Speed Test. 
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TABLE IX 


BUILD 4 DATA SHEET 
NASA 6:1 COMPRESSOR 


A. Runout 

1. Turbine 

a. O.D. 0.0012 

b. Front Face 0.0007 

c. Knife Edge Seal 0.0007 

2. Compressor 

a. O.D. 0.0008 

b. Back Face 0.0008 

c. Knife Edge Seal 0.001 


B. Balance Max Allowed 

1. Turbine 0.017 Oz-In. 

2. Compressor 0.023 Oz. -In. 

Actual 

0.010 

0.010 



C. Clearances 


B/P 

Actual 

1 . 

Turbine Bearing Housing to Seal 
Retainer 


0.023-0.027 

0. 025 

2. 

Compressor Bearing Housing to Seal 
Retainer 

0.001-0.003 

0.003 

3. 

Diffuser Knives to Discharge, 
Turbine End 


0.003-0.005 

0.003 

4. 

Diffuser Knives to Discharge, 
Compressor End 


0.003-0.005 

0.006 

5. 

Turbine Wheel Clearance 


0.023-0.027 

0.058 

6. 

Compressor Face Clearance 
(with floating diffuser) 


0.021-0.023 

0.021 
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NASA 6:1 COMPRESSOR RIG 
BUILD 4 LISSAJOUS TRACES 




16,390 RPM 32,290 RPM 

SCALES: 1.0 MIL/DIV 
0.2 VOLT/D IV 

TEST DATE: 27 JUNE 1972 


Figure 43. 
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On August 11th, Build 4A of the compressor rig assembly was 
completed and ready for testing. The test setup was designed for 
resistance measurement readings to be available across the floating 
diffuser/shroud assembly. Also, two actuators were mounted on the 
front bearing carrier such that circumferential torque loads could be 
applied to the diffuser in either direction. Between the electrical 
continuity check and the torque hysteresis reading on the Brown 
Torquemeter, the degree of accuracy available from future torque or 
horsepower performance data could be determined. Build dimensions 
for this assembly are given in Table XI. 

The rig was operated with the following torque results before 
and after diffuser actuation. 


Speed, rpm Torque (before/after), in. -lb 


zero 

zero 


40 K 

124/124 


50 K 

215/215 


60 K 

335/335 


70 K 

480/480 


75 K 

Diffuser 

sticks 

80 K 

Diffuser 

sticks 


Heated air to 375°F was applied to the gas thrust bearing to deter- 
mine if the diffuser had thermally distorted to cause an electrical 
ground to the case. Neither heated air nor speed variations were 
sufficient to create a floating diffuser satisfactory for performance 
testing. 

At 80,000 rpm, the turbine seal began leaking oil. Since the 
secondary seal or Teflon tech rings had previously created seal 
problems, they were suspected again to be sealing inadequately. The 
turbine thrust piston cavity pressure was raised to 60 psig. This 
was determined adequate to provide several pounds of pressure to the 
Teflon secondary seal to stop oil leakage at the expense of raising 
the ball thrust bearing load toward the turbine. Test data is 
recorded in Table XII and lissajous traces from the Bentley proximity 
probes are shown in figure 44. 
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TABLE XI 


BUILD 4A DATA SHEET 
NASA 6:1 COMPRESSOR 


A. Runout 




1 . 

Turbine 



© 

a . 

O.D. 


0.0012 


b. 

Front Face 


0.0007 


c . 

Knife Edge 

Seal 

0.0007 

2. 

Compressor 




a. 

O.D. 


0.0008 


b. 

Back Face 


0.0008 


c. 

Knife Edge 

Seal 

0.001 


B. Balance Max Allowed 

Actual 



1 . 

Turbine 0.017 Oz-In. 

0.010 



2. 

Compressor 0.023 Oz.-In. 

0.010 



C. Clearances 


B/P 

Actual 

1 . 

Turbine Bearing Housing to Seal 
Retainer 

0.023-0.027 

0.025 

2. 

Compressor Bearing Housing to 
Retainer 

Seal 

0.001-0.003 

0.003 

3. 

Diffuser Knives to Discharge, 
Turbine End 


0.003-0.005 

0.005 

4. 

Diffuser Knives to Discharge, 
Compressor End 


0.003-0.005 

0.008 

5. 

Turbine Wheel Clearance 


0.023-0.027 

0.058 

6. 

Compressor Face Clearance 


0.021-0.023 

0.024 
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NASA 6:1 COMPRESSOR RIG 
BUILD 4A LISSAJOUS TRACES 



50,800 RPM 


60,250 RPM 



Figure 44. 


70,250 RPM 


80,000 RPM 


SCALES: 1.0 MIL/DIV 75 
0.2 VOLT/DIV 
TEST DATE: 10 AUG. 1972 


■ 


MP-37110 






Build 5 and 5A 


After the previous rig build of August 11 (designated herein as 
Build 4A) was removed from the test cell, a meeting was held with the 
NASA Project Manager during which an agreement was made to check the 
axial and radial motion of the rotating group inside the housings. 

This deflection test was desirable since previous rig builds could 
successfully float the diffuser, i.e., with intermittent electrical 
continuity, by removing the front journal gas bearing support. This 
front support was originally designed about the inlet housing to pro- 
vide stability to the floating shroud/diffuser assembly over and above 
the support from the thrust gas bearing. However, without the front 
journal gas bearing support, the possibility of additional motion of 
the shroud/diffuser assembly gave rise to considering the rub potential 
in the compressor. Hence, a deflection test could resolve this concern. 

The rig was reassembled, designated now as Build 5, without the 
carbon face seals or preload spring. The rig was oriented in the ver- 
tical shaft position with the compressor down. Rotor movement was 
observed as described in the following table. 


Test 

Condition 

Load , 
lb 

Toward Comp . 

Rotor 
Movement , 

in . * 

Remarks 

1 

0 

0.007 

Axial play of compressor bearing 

2 

138 

0.011 

Movement due to deflection of 
retainer spring closing clearance 
gap and deflection of bearing 
retainer 


*By dial indicator measurement. 


A determination was also made of the maximum change in radial 
operating clearance between a cocked shroud/diffuser assembly to the 
compressor inducer as compared with the clearance when the rotor and 
shroud are centered. This condition resulted in a total clearance 
decrease of 0.0015 in. Use of feeler gauges to perform radial 
measurements added some inaccuracy to the test but the significant 
fact is that, even with a small measurement inaccuracy of about 
±0.001 in., the 0.010-in. inducer to shroud radial clearance was suf- 
ficient for operation at design speed with a 0.002-in. inducer blade 
growth and all parts displaced to their closest radial positions. 
Similarly, a high rotor thrust reversal could permit a 0.011-in. 
axial rotor motion which corresponds to the axial clearance at design 
operating speed. At design speed, however, the turbine inlet pres- 
sure bleeds compressed air into the thrust piston cavity providing a 
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positive thrust condition on the rotor which makes thrust reversal 
abnormal. At lower operating speeds, the compressor axial clearance 
increases due to a reduction in the axial flowering effect in the 
wheel from centrifugal stresses. By previous test measurements this 
effect was determined to be 0.010 in. from zero to design speed. The 
conclusion from the deflection test was that radial and axial compres- 
sor rubs could not occur with the Build 5 configuration. 

The journal gas bearing support was added to Build 5, and air 
pressure was supplied to the floating diffuser. Electrical continuity 
through a Simpson meter (RxlOO scale) was intermittent and sensitive 
to loading the floating diffuser on one side. The journal gas bearing 
support was removed, and the electrical condition was unchanged. The 
floating diffuser was positioned to the condition of maximum electri- 
cal continuity, and a 2000-microfarad capacitor charged at 40 v was 
discharged through the parts several times. This power source was 
sufficient to raise metal at the interfering metal parts. Build 5 was 
disassembled and markings were noticeable between a chamfered face on 
the backside of the shroud/diffuser assembly and a chamfered face on 
the inside of the compressor collector housing, SKP25673-1. The 
thrust gas bearing was free of electrical markings from the capacitor 
discharge. Remachining of the chamfer inside the compressor collector 
housing was instituted to provide an additional 0.010-0.015 in. radial 
clearance for the floating diffuser assembly. All parts comprising 
the thrust gas bearing were inspected including the axial passage 
width of the assembled air bearing housing, SKP25663-1 and a i_r bearing 
ring, SKP25662-1. These parts were to design requirements which 
resulted in 0.007-in. axial clearance and 0.005-in. diametral clear- 
ance in the bearing. 

Build 5A was assembled using a new inducer with radial hand fin- 
ish work on the blades, oil seal elements with antirotation features, 
the reworked compressor case and clearance spacers, and the front gas 
journal bearing support. Electrical continuity was not measurable 
through the floating diffuser except for intermittent low values which 
appear to be constantly varying, probably due to the air supply clean- 
liness (with a 5-micron air filter passing 0.0006-in. maximum particle 
sizes through a 0.001-in. air gap) or the felt metal seal fibers con- 
tacting the labyrinth knife edges. Assembly data for this build is 
given in Table XIII. 

The test rig was operated to 51,000 rpm in the test cell where 
three problem areas were identified. First, at 51,000 rpm the axial 
clearance probes were reading 0.002- to 0.003-in. clearances which 
restricted further speed increases. This was inconsistent with 
previous build measurements and unacceptable for shipping. Radial 
probes, however, read 0.007- to 0.010-in. clearances which were deemed 
satisfactory. Second, the turbine oil seal would permit oil leakage 
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TABLE XIII 


BUILD 5A DATA SHEET 
NASA 6:1 COMPRESSOR 


A. Runout 

1. Turbine 

a. O.D. 0.0003 

b. Front Face 0.0008 

c. Knife Edge Seal 0.0003 

2. Compressor 

a. O.D. 0.0007 

b. Back Face 0.0008 

c. Knife Edge Seal 0.0006 

B. Balance Max Allowed Actual 


B/P 

0.023-0.027 

0.001-0.003 

0.003-0.005 

0.003-0.005 


1. Turbine 0.017 Oz-In. 0.016 

2. Compressor 0.023 Oz.-In. 0.005 

C. Clearances 

1. Turbine Bearing Housing to Seal 
Retainer 

2. Compressor Bearing Housing to Seal 
Retainer 

3. Diffuser Knives to Discharge, 

Turbine End 

4. Diffuser Knives to Discharge, 
Compressor End 


5. Turbine Wheel Clearance 

6. Compressor Face Clearance 


0.023-0.027 

0.021-0.023 


Actual 

0.027 

- 0.001 

0.010 

0.014 

0.016 

0.058 

0.022 
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when thrust cavity pressure exceeded 15 psig at speeds exceeding 
30,000 rpm. This also was inconsistent with the previous build (Build 
4A) in which 60 psig thrust cavity pressures would seat the secondary 
Teflon ring seal on the turbine end but pressures of 75 psig now 
failed to do so. Third, a vibrational peak of 13 g's at 51,000 rpm 
was being recorded which was not previously predicted from interfer- 
ence diagrams but had been observed on a previous test. This vibra- 
tional peak is shown in figure 45 with the corresponding shaft 
lissajous trace in figure 44. Other test data appears in Table XIV. 

An AiResearch review board, consisting of engineering and labora- 
tory personnel, was called to emphasize, demonstrate, and resolve the 
Build 5A problem areas. The resolutions from these efforts were as 
follows : 

(a) The capacitance probe readout instrumentation was properly 
functioning, and the inconsistency in axial clearance data 
would require recalibration and closer inspection of the 
disassembled compressor parts to confirm the correct spacer 
thicknesses . 

(b) The vibrational readout data from the accelerometer was 
originating from a housing natural frequency since no lis- 
sajous reading increases were observable from the Bentley 
probes. The amplitude of vibration at the 51,000 rpm speed 
was calculated to be 0.00025 in. and within reasonable 
limits. 

The compressor rig was removed from the test facility. 

Build 6 


The compressor rig was disassembled to determine the causes of 
the problem areas identified during Build 5A testing. 

Axial clearance probe readings were confirmed as correct by a 
recalibration of the shroud and impeller in the Instrumentation Labo- 
ratory. Inspection of parts confirmed the instrumentation readings 
received. A review of clearance data from previous tests indicated a 
history of clearance data as shown in Table XV. A set of inconsistent 
measured axial clearance appears for Build 4A and, although no obvious 
explanation exists, it is most likely the result of oil and dirt con- 
tamination on the probes. Additionally, the 0.008-in. recession of the 
probes beneath the shroud contoured surface was entered on the table 
to avoid interpretation difficulties during future inspections. 

The bearing and seal cavity was disassembled and seal rotors and 
carbon elements were checked for flatness and runout. Both parameters 
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Clearance Description 


Build Number 3 


4A 


5A 


6 


Build Axial Clearance - 
Probe to Impeller 

Build Axial Clearance - 
Shroud to Impeller 

Axial Running Clearance 


Running Clearance Change 
For Next Build 

Spacer Thickness (Large) 

Spacer Thickness (Small) 

Diffuser Ring Clearance 
Change 

Design Running Clearance 

Design Axial 

"Flowering Effect" 

Build Clearance Required 


0.058 

0.028 

0.032 

0.022 

0.032 

0.050 

0.020 

0.024 

0.014 

0.024 

0.051 ® 

0.0155 @ 

0.025/0.026 @ 

0.006 @ 

0.0134 @ 

4000 rpm 

32,000 rpm 

70,000 rpm 

4000 rpm 

80,000 rpm 

0.045 @ 

0.003 @ 

0.022/0.023 @ 

0.002 ® 


50,000 rpm 

32,000 rpm 

80,000 rpm 

50,000 rpm 


0.041 @ 





80,000 rpm 





-0.031 

-0. 005 

-0.010 

+0.010 

- 

0.1600 

0.1500 

0.1550 

0.1450 

0.1550 

0.1605 

0.1505 

0.1555 

0.1455 

0.1555 

0.1350 

0.1250 

0.1300 

0.1200 

0.1300 

0.1355 

0.1255 

0.1305 

0.1205 

0.1305 

-0.020 


“ 


~ 


0.010 ±0.001 @ 80,000 rpm 

0.012 <a 96,000 rpm 
0.010 @ 80,000 rpm 


0.022 ± 0.001 
















were found to be satisfactory. Stacking of seals, springs, anti- 
rotation spacers, and retainers was checked which revealed that the 
compressor seal was adequately stacked and the turbine seal spring load 
could be increased by an additional 0.030-in. compression to reduce the 
susceptibility to oil leakage at high speeds. The carbon elements 
showed no signs of outside diameter wear after the anti-rotation spacers 
were added prior to Build 5A. The secondary teflon ring seals showed no 
indications of damage but a preference was expressed by the customer and 
the AiResearch Seals Engineering Department to use alternate silicone 
O-rings for the next build. 

In order to have some assurance that the seals would be adequate 
during the next test, a static pressure test was devised to check seal 
leakage using the bearings and seals assembled into their support hous- 
ing and with the compressor and turbine wheels assembled on the shaft. 
The turbine plenum was also used in this assembly such that a 300-psig 
remote air supply could be fed to the thrust balance piston. Pressure 
gauges were added to the thrust balancing cavity and the oil scavenging 
cavity and observed. While pressure in the thrust balancing cavity was 
raised from 0 to 90 psig (90 psig was the limiting level achievable 
from this source since the thrust cavity bleeds off to ambient) , a 
small vacuum pump maintained the oil scavenge cavity at a constant 
condition of 22 in. of mercury vacuum (-22 in. Hg gage). Rotation of 
the rotor by hand at several thrust pressure levels did not affect the 
scavenge cavity pressure so the assembly was accepted as the beginning 
of Build 6. 

Build 6 was completed using the new inducer with radial hand 
finish work on the blades, oil seal elements with anti-rotation fea- 
tures, and the front journal gas bearing support as used on Build 5A. 
Secondary seals were changed from teflon rings to silicone O-rings and 
the turbine seal spring load increased as noted in the preceding dis- 
cussion. Spacer rings were increased 0.010 in. to the same size as 
those used on Build 4A which would give axial running clearances at 
full speed of about 0.013-0.014 in. Careful assembly was practiced to 
eliminate lockwire contact with the floating diffuser assembly, clean- 
liness of the gas bearing assembly, and inspection of axially stacked 
parts. Confirmation of the 0.024-in. axial clearance was made in the 
completed assembly by using the calibration instrumentation. Build 
parameters for this assembly are given in Table XVI. 

Installation of the rig in the test cell was completed and opera- 
tion to 80,000 rpm was performed. Around 70,000 rpm, the rig began 
leaking oil. Vacuum gages were connected to the turbine and compressor 
scavenge lines to observe the nature of the oil leakage conditions. 

Data was taken at various speeds using one, two, or three gear-type 
scavenge pumps connected in parallel to the bearing and seal cavity. 
Results of these tests are shown in Table XVII. These data indicated 
that the compressor end scavenge vacuum was lost with speeds over 
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TABLE XVI 


BUILD 6 DATA SHEET 
NASA 6:1 COMPRESSOR 


Runout 




1. 

Turbine 




a . 

O.D. 


0.0003 


b. 

Front Face 


0.0003 


c . 

Knife Edge 

Seal 

0.0003 

2. 

Compressor 




a. 

O.D. 


0.0007 


b. 

Back Face 


0.0008 


c. 

Knife Edge 

Seal 

0.0006 


B. Balance Max Allowed 

1. Turbine 0.017 Oz-In. 

2. Compressor 0.023 Oz.-In. 

Actual 

0.016 

0.005 



C. Clearances 


B/P 

Actual 

1 . 

Turbine Bearing Housing to Seal 
Retainer 

0.023-0.027 

0.028 

2. 

Compressor Bearing Housing to 
Retainer 

Seal 

0.001-0.003 

0.001 

3. 

Diffuser Knives to Discharge, 
Turbine End 


0.003-0.005 

0.010 

4. 

Diffuser Knives to Discharge, 
Compressor End 


0.003-0.005 

0.014 

0.016 

5. 

Turbine Wheel Clearance 


0.023-0.027 

0.058 

6. 

Compressor Face Clearance 
(Shroud to Impeller) 


0.021-0.023 

0.024 


85 
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70,000 rpm when using a two-scavenge pump system. Using a 
three-scavenge pump system, the rig could be operated to 80,000 rpm 
without oil leakage; but, after about 10 min of operation, the com- 
pressor end scavenge vacuum was again lost. The following observations 
resulted from these tests. 

(a) The addition of the extra scavenge capacity of a third 
gear-type pump was a significant improvement in the oper- 
ating range of the compressor rig seals without oil leakage. 

(b) The interfacing lubrication and scavenge system would largely 
influence the successful operation and acceptance of the rig. 
Seal leakage would occur whenever the compressor (or turbine) 
scavenge pressure rose above -5 in. mercury gage (12.2 psia) . 

(c) The scavenge vacuum could also be restored to the seal cavity 
if a thrust pressure was added to the balance piston cavity. 
The balance piston cavity bleeds off to ambient via an 
intermediate pressure which is vented through six holes on 
the turbine side of the turbine end seal. Although this 
intermediate pressure is very low, it could be raised by 
plugging some of the holes to provide a higher Ap across the 
turbine seal if desired. This approach would be considered 
secondary to the correct matching of a lubrication/scavenging 
system. 

(d) Since the specific seal responsible for oil leakage could 
not be positively identified, the possibility of a compressor 
seal problem was considered. However, the compressor seal 

Ap is increased when the compressor is operated at discharge 
pressures other than the choke conditions of the previous 
tests which would be favorable for maintaining scavenge 
vacuum. 

Axial and radial clearances were read during the above checkout 
tests. Axial measurements were 0.012 and 0.013 in. at 80,000 rpm. 

Two radial clearance probes at 90 degrees were reading about 0.002 in. 
whereas two others were reading 0.010 in. at 70,000 rpm. Radial read- 
ings were inconsistent with those taken in Build 5A and measured 
hardware. The rig was shut down, measurements checked, probes washed 
with a cleaning fluid, and torque rings adjusted. No significant 
change could be made to the radial clearance probe readings. 

The rig was returned to the Development Assembly area to investi- 
gate the radial probe reading inconsistency. Calibration instrumenta- 
tion was used to provide readouts while the rotor was rotated and the 
shroud moved radially across the gas journal bearing clearance space. 
Radial deflections of 0.001 to 0.0046 in. were imposed and measured. 

Two probes could not, however, read radial clearances as measured 
using feeler gages and shim stock and were therefore concluded to be 
unreliable, probably due to oil and dirt contamination. 
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The rig was returned to test as Build 6 A and the 5-hr mechanical 
acceptance test was begun. The compressor was operated near choke 
conditions at 80,000 rpm with data recorded as shown in Table XVIII. 
Thrust load was held at 340 lb instead of increasing the scavenge 
capacity of the interfacing pumps. Lissajous plot from the Bentley 
probes showing rotor excursion at design speed is shown as figure 46. 
Starting, operating, and shutdown performance is documented on record- 
ing charts shown as figures 47 and 48. 

The research package was delivered to the NASA Lewis Research 
Center in Cleveland, Ohio. 

An analysis of the influence of a 270 lb aerodynamic thrust load 
on the average bearing fatigue life was performed after delivery of 
the research package. Figure 49 shows the average bearing B 4 fatigue 
life before and after the 5-hour mechanical test. Average life, as 
represented by 96 percent of a group of bearings, is plotted versus 
the aerodynamic thrust loading measured axially on a thrust ring zero 
calibration represented a 70 lb axial preload imposed by the rotor 
weight and a thrust reversal spring force. The aerodynamic thrust 
load of 270 lb therefore represented a total thrust bearing load of 
340 lb when the bearing preload is added. For a 300 hr design life, 
figure 49 indicates an average aerodynamic thrust load of 162 lb 
should be maintained if all of the 300 hour average bearing life were 
to be expended at full speed of 80,000 rpm and under a 53 lb dynamic 
radial load. After five hours operation at 340 lb total thrust load, 
a remaining bearing design life of 295 hours would be achieved if the 
average aerodynamic thrust on future testing is limited to 160 lb. 
Again this assumes expending all of the bearing fatigue life at 
80,000 rpm and under a 53 lb dynamic radial load. 

The radial bearing loads for the fatigue life calculations are 
based on an AiResearch design procedure which considers the following 
rotor dynamics analysis: 

The dynamic response of any rotor system to rotor unbalance is a 
function of the angular phase relation between rotor component center 
of gravity eccentricities. In fact the magnitude of the response can 
be a very strong function of those phase relationships in some cases 
(e.g. near a node in the rotor). The dynamic bearing loads and there- 
fore, the predicted bearing life will then be a function of the 
eccentricity phase relation of the individual components. It may be 
noted that this dependence of rotor response magnitude on eccentricity 
phase relation is a result of the dynamic deflection that takes place 
in any rotor operating near or above any of its critical speeds. 

A convenient analytical eccentricity distribution of a rotor is 
to assume all eccentricities are in phase (in-phase or normal bearing 
loads) . Additionally, the analytical method should calculate the 
bearing loads for the worst possible eccentricity phase relationship 
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or worst case bearing loads (also called absolute bearing loads) . In 
some cases though, this worst case method does not give realistic 
statistical bearing lives. Therefore, the design approach used for 
bearing life calculations is intended to select a realistic load for 
the statistical bearing life calculation by using a mean bearing load 
based on the average of the worst case and the in-phase bearing loads. 
Figure 50 shows the radial bearing loads resulting from a rotor dyna- 
mics analysis based on this analytical method. 

The actual rotor may have imbalance and associated bearing loads 
other than that described by the mean bearing load calculation due to 
the accuracy of component balancing, component eccentricity phase 
relationships, and accuracy of the rotor assembly balance. The rotor 
balance is accomplished by first balancing the impeller and turbine 
wheel as components and then selectively assembling and checking the 
complete rotor. The maximum allowable rotor imbalance permitted 
during balancing is defined for a 0.00035 in c.g. eccentricity as 
used in the bearing load calculations. Table XVI shows the maximum 
imbalance permitted and the imbalance measured in the Build 6 rotor. 
Since the actual imbalance is below the maximum allowed the dynamic 
bearing loads are probably below the predicted bearing loads. 

Prediction of remaining bearing B 4 fatigue life is therefore not 
easily definable since statistical sampling of life data, component 
assembly orientation and unbalance, and variable speed test conditions 
can additionally influence any estimate. Remaining B 4 fatigue life 
shown in figure 49 therefore represents a correction to the life of 
an average bearing using present AiResearch design procedures. 
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Figure 50. Dynamic Radial Bearing Load Versus Shaft Speed 
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APPENDIX I 


2. FAILURE ANALYSIS OF COMPRESSOR INDUCER SKP25657-1 

As discussed under Build 2, the test rig exhibited two modes of 
distress during operation: (1) failure of two inducer blades, and (2) 

large excursions of the shaft during operation. 

Review of the failed inducer, SKP25657-1, showed that the blades 
failed in fatigue. A poor surface condition on the blades signifi- 
cantly lowered the fatigue strength of the titanium. A metallurgical 
examination was conducted to verify the failure mode. 

Microexamination showed the fracture surfaces of the two blades 
to be primarily fatigue and revealed an additional cracked blade (fig- 
ures 1 and 2). In figure 2, a region of the cracks just above the 
blade root, can be seen. The trailing edge was apparently thinned 
and deep scratches can also be seen in this region. Further examina- 
tion of the blade surface showed scratches over the total pressure and 
suction surfaces. 

The cracked blade was removed and nickel plated so that the edge 
would not round during polishing for microexamination. The conditions 
revealed on this blade and on one of the failed blades are shown in 
figures 3 and 4. Figure 3 is a section perpendicular to the axis of 
the wheel located 0.010 inch into the trailing edge radius. It shows 
a deep surface tear at a location near the crack and a possible second 
tear adjacent to the crack. Figure 4 shows the torn surface as viewed 
in the same plane as figure 3 and also in a plane perpendicular to the 
radial direction, both at higher magnification. 

Examination of the fracture surfaces indicated that more that one 
fatigue source was operating. The cracked blade confirms that one 
major source is on the suction side near the trailing edge radius. 

The surface examination shows that the axial scratches are deep enough 
to provide initiation notches for a fatigue crack. The scratches 
appear particularly severe at the trailing edge just above the blade 
root. In addition, the trailing edge appears thinner at this point, 
measuring less than 0.015 inch, contributing to a reduced load carry- 
ing capability. 
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FIGURE 2 - TRAILING EDGES OF TWO BLADES SHOWING THINNING OF FILLET. 

TYPICAL OF ALL BLADES (LEFT) AND DEEP SCRATCHES TYPICAL 
OF MANY BLADES (RIGHT). 




-33082 
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FIGURE 3 - SUCTION SURFACE OF VANE AT TRAILING EDGE. PHOTO ON RIGHT 
IS JUST ABOVE CRACK (UNETCHED AREAS ARE NICKEL PLATE USED 
TO RETAIN SPECIMEN EDGE). PLANE OF SECTION PERPENDICULAR 
TO AXIS OF WHEEL. 

ETCHED MAGNIFICATION: 500X 



FIGURE 4 - TYPICAL MACHINED SURFACES OF BLADES. SECTION ON LEFT 

PERPENDICULAR TO RADIAL DIRECTION, ON RIGHT PERPENDICULAR 
TO AXIAL DIRECTION. LOCATION JUST ABOVE BLADE ROOT ON 
PRESSURE SURFACE OF BLADE. 

ETCHED MAGNIFICATION : 500X 







The microexamination revealed major tears and a disturbed metal 
surface from machining. These also provide additional notches, con- 
tributing to a lower fatigue strength. 

The inducer drawing has been modified to specify more stringent 
machining and finishing requirements. New inducers were ordered. 

The cause of inducer failure was attributed to a 4-per-revolution 
excitation. This excitation came about because of an abnormal config- 
uration used during testing with the test rig being assembled without 
the impeller shroud and with the gas-bearing support installed in front 
of the impellers. This support has four struts. 

Figure 5 shows the test configuration at the time of inducer blade 
failure. The curve in figure 5 shows streamlines calculated on the 
basis of a constant rC distribution along the streamlines. One ex- 
pects that a core regi8n would exit with relatively little loss in 
tangential momentum followed by an outer region with large turbulent 
mixing. The effect of the turbulent mixing could be to increase the 
size of the recirculating region. As can be seen, any increase in 
size would cause even more flow than the currently expected 15 percent 
to pass through the strut region. Because the flow entering the struts 
has a very high absolute flow angle, the struts present an almost side- 
on view to the flow. This should create a powerful wake causing large 
change of incidence at the blade leading edge and a 4-per-revolution 
component. The evidence suggesting that this 4-per-revolution excita- 
tion caused the failure follows. 

(a) Compressor speed at failure was a 4-per-revolution first- 
mode resonance. 

(b) The rig had been run previously without failure with both 
the shroud and struts removed. 

(c) The presence of the struts should create a large 4-per- 
revolution disturbance. 

A finite-element program was employed to analyze the natural fre- 
quencies and mode shapes of the inducer blade. The interference dia- 
gram is presented in figure 6. Also, the salt pattern tests have been 
performed on the inducer blades. The result shows that the natural 
frequency of the first bending mode has a band between 2800 and 3500 
Hz due to blade shape variations. This frequency range has been 
plotted in figure 6. Including the effects of centrifugal stiffening, 
the inducer blade frequency coincides with a 4-per-revolution excita- 
tion at approximately 57,000 rpm. The 4-per-revolution excitation is 
the result of the four struts. Problems of this nature are not expected 
in the NASA rig since inlet struts are not employed in the inlet air 
path. 
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ROTOR DYNAMIC ANALYSIS 


The second area of concern uncovered during testing was at 
65,000 rpm, the shaft excursion at the compressor end bearing increa- 
sed to 2.5 mils. A critical speed problem was suspected as being the 
cause . 

The mass and stiffness model employed in the computer analysis 
was checked by experimentally determining the rotor assembly's free 
free (laterally unsupported) natural frequency and comparing it to the 
calculated frequency. Agreement of the two frequencies assures the 
analytical elastic model is correct and the prediction of the critical 
speeds of the shaft supported laterally by the bearings is also cor- 
rect . 


The existing shaft system originally had a calculated free-free 
frequency of 1021 Hz and a third critical speed of 113,000 rpm. The 
free-free frequency was measured to 848 Hz indicating an incorrect 
elastic-mass model in the analysis. 

Re-analysis of the shaft system resulted in a calculated free-free 
frequency of 821 Hz which agrees with the experimental frequency. The 
corrected model then resulted in a calculated third critical speed of 
104,200 rpm. 

The lower third critical and non-optimized hydraulic bearing 
clearances were considered to be the cause of the high rotor excur- 
sions. The present shaft configuration analysis is shown in figure 1 
in which critical speeds versus bearing spring rate are plotted. The 
hydraulically mounted bearing spring rate is also shown as a function 
of speed. Figure 2 shows an undamped bearing load curve for a hydrau- 
lically mounted bearing system with a modified shaft system between 
bearings. The bearing spacer ID has been increased from 0.84 to 0.94 
inch and the main shaft OD reduced from 0.72 to 0.62 inch between the 
bearings; this modification increases the calculated critical speed 
from 104,200 to 112,385 rpm. 

Figure 3 depicts the mode shapes of the calculated critical 
speeds. The third critical speed at 112,385 rpm indicates a rela- 
tively large excursion at the bearings which provides the environment 
for optimum use of the hydraulically mounted bearings to provide the 
desired damping effects. The effects of bearing spring rate on the 
critical speeds are shown in figure 4. 
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Figure 1. Critical Speeds 








DYNAMIC RADIAL BEARING LOAD (LB) 







rrENT 











In addition to the shaft modifications, clearances were increa- 
sed from 0.003 to 0.005 inch hydraulic bearing for additional damping 
capability. 

The rig has also been analyzed for running with a dummy compres- 
sor wheel and a modified GTCP305 impeller that will be used on Con- 
tract NAS3-15328. Table I lists the inertia properties of the various 
wheels . 
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TABLE I . 


Configuration 

Mass 

in.-lb-sec^ 

Ip 2 
in . -lb-sec 

Id 

in . -lb-sec 

Dummy Disks 

Inducer 

0.00106 

0.0007 



Impeller 

0.00578 

0.0112 

0.00709 

Designed Tandem 
Compressor 

Inducer 

0.00106 

0.0007 

0.0004 


Impeller 

0.00567 

0.0104 

0.00461 

Modified GTCP305 
Impeller 


0.00816 

0.0182 

0 .0119 


The bearing load curves for the modified 305 compressor shaft 
system are shown in figure 5. 

The calculated third critical speed for this system is 122,572 
rpm. The free-free frequency for this system is 739 Hz. 

During the last rig test it was also observed that the turbine 
side bearing had spun in its housing. In order to preclude the prob- 
lem of spinning, the bearing has been repinned as originally designed. 

Retesting of the test rig with the dummy masses is scheduled for 
mid-March 1972. 

A crack was observed in a blade on the NASA turbine wheel anl is 
shown on figure 6. The wheel was returned to NASA-Lewis for 
examination . 
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Figure 6. 


Blade Crack, NASA Turbine Wheel. 
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